The first experimental evidence that cholesterol is an atherogenic factor was presented by Anitschkovv 1 and Chalatow. 2 Rittenberg and Schoenheimer's 3 demonstration that animals can synthesize cholesterol, and other investigations i -7 which show that dietary fat can effectively influence serum cholesterol levels in man, focused attention on dietary lipids other than cholesterol in atherogenesis. Experimental hypercholesterolemia and atherosclerosis have been produced in rabbits by feeding a cholesterol-free diet containing a high level of saturated fat; *• ° isocaloric substitution of fats containing linoleic acid does not produce hypercholesterolemia or atherosclerosis. Holman 1U and Holman and Peifer ll have demonstrated that both dietary cholesterol and saturated fat increase the dietary requirement for essential fatty acids or somehow impair their utilization. It is possible, therefore, that in experimental animals dietary cholesterol and saturated fat induce lesions of atherosclerosis by producing a deficiency of essential fatty acids. Such a mecha-
• The first experimental evidence that cholesterol is an atherogenic factor was presented by Anitschkovv 1 and Chalatow. 2 Rittenberg and Schoenheimer's 3 demonstration that animals can synthesize cholesterol, and other investigations i - 7 which show that dietary fat can effectively influence serum cholesterol levels in man, focused attention on dietary lipids other than cholesterol in atherogenesis. Experimental hypercholesterolemia and atherosclerosis have been produced in rabbits by feeding a cholesterol-free diet containing a high level of saturated fat; *• ° isocaloric substitution of fats containing linoleic acid does not produce hypercholesterolemia or atherosclerosis. Holman 1U and Holman and Peifer ll have demonstrated that both dietary cholesterol and saturated fat increase the dietary requirement for essential fatty acids or somehow impair their utilization. It is possible, therefore, that in experimental animals dietary cholesterol and saturated fat induce lesions of atherosclerosis by producing a deficiency of essential fatty acids. Such a mecha-nism for human atherosclerosis has been suggested previously/ 2 ' 13 but evidence for it is meager. The data presented in this report give direct evidence of essential fatty acid deficiency in both serum and tissues of dogs with experimental atherosclerosis, but a cause and effect relationship is not proved.
Methods

Twenty-two mongrel dogs approximately one
year old (most of them females) were divided into four groups, a control group of four dogs and three experimental groups of six dogs each.
The basal diet was a commercial dog food ° (  table 1) . The values for protein and carbohydrate were furnished by the processors t and total lipid, cholesterol, and fatty acid composition were determined in this laboratory. For the experimental group, cholesterol and thiouracil were added slowly to the basal diet as dry powder and mixed thoroughly in a commercial food mixer until the materials were evenly distributed. One experimental diet was the basal diet supplemented with 1% cholesterol by weight; the second was basal diet supplemented with 100 mg thiouracil per 60 kilogram calories; and the third was basal diet supplemented with both cholesterol and thiouracil. Daily rations were wrapped and frozen, and a portion was fed to the dogs once daily at midmorning to furnish 60 kcal/kg body wt.
Prior to starting the experimental diets and after 25, 65, and 90 days on experimental diets, blood samples were drawn from the external jugular vein for determination of total serum lipid and cholesterol. Blood was drawn before the morning feeding; thus the dogs were fasted for nearly 24 hours. Blood samples were allowed to clot at room temperature for one hour, and° 62 GUIDRY, GEER, ROBERTSON the serum was separated by centrifugation and frozen.
Analysis of Basal Diet'
After 120 days on the experimental diets, all dogs were killed by exsanguination. Under light pentobarbital sodium anesthesia, the skin over the femoral triangle was infiltrated with 1% procaine hydrochloride after which the femoral artery was exposed and cannulated with polyethylene tubing. The blood was allowed to flow into chemically clean 100 ml screw-cap centrifuge tubes. The serum was obtained by centrifugation and frozen. When the flow of blood ceased, a complete necropsy was performed on each animal. The liver, aorta, and a portion of paravertebral fat were individually packaged, labeled and frozen for biochemical studies. Histologic sections were prepared from the coronary arteries and aorta and stained with oil red O, hematoxylin and eosin, and Weigert's elastic-van Gieson. Sections of the remaining viscera were stained with hematoxylin and eosin.
Total serum cholesterol was determined by the method of Sperry 14 with the following modifications: the sample was saponified for two hours at 37°C; the alkali was neutralized with 10% acetic acid; and the solution was made slightly acid by the addition of one drop of acetic acid. Ethanol-acetone solutions of cholesterol standards were introduced at this stage, and these were made acid by the addition of one drop of acetic acid. The digitonin was prepared by dissolving five grams of digitonin in one liter of 1:1 (v/v) water-absolute ethanol.
Paravertebral fat, liver, and aortic tissue were desiccated by freeze drying before extraction. Serum total lipids and tissue total lipids were determined gravimetrically after extraction by an adaptation of the method of Folch et al. 15 and drying of the extracts to constant weight using a rotary evaporator under vacuum at 40°C.
The serum total lipids were separated into neutral lipids and phospholipids by the silicic acid chromatography method of Van Handel and Zilversmit. 10 The two fractions were then dried and weighed.
Portions of the serum neutral lipid (NL) fractions of dogs in the same diet groups were pooled on a weighted basis using the following formula for each sample: NL of individual dog (mg/100 ml) number of dogs in group mg of NL of individual dog to be pooled Thus, die neutral lipid samples from pooled serum for each diet group were equal in weight to the mean weight of NL (mg/100 ml serum) for that group. Neutral lipids were further fractionated on silicic acid columns by the method of Horning et al. 17 The individual fractions were dried and weighed.
Fatty acids of the various fractions were determined as methyl esters. The esters were formed by transmethylation using 6% sulfuric acid in methanol (20 mg lipid/ml of acidmethanol mixture). The mixture was sealed in a Teflon lined screw-cap tube and incubated at 80°C overnight. One half volume of water was added, the aqueous layer extracted with hexane, and the hexane dried over anhydrous sodium sulfate. The hexane was evaporated at room temperature under a stream of nitrogen.
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The composition of the fatty acid methyl ester mixture was determined by vapor phase chromatography." The columns were nine feet long with a diameter of 3 mm and were packed with 15% diethylene glycol succinate on Gas Chrom Z t (80 to 100 mesh). Preheater temperature was 270°C, column temperature 180°C, and the detector cell temperature 250°C. A strontium 9 " ionization detector was used in which the response to fatty acid esters is proportional to the mass ratios of the esters. 1S The instrument was calibrated daily with chromatographically pure standards of known composition prepared in this laboratory. The experimental error of determination has been established as ± 3%. The areas under the curves on the chromatograms were analyzed by the triangulation method.
Means and standard errors were calculated from the data for each group. Values of t were calculated from the difference of the means and the standard errors and the P values determined from Fisher and Yates. 19 
Results
ARTERIAL LESIONS
At necropsy only those dogs receiving the basal diet supplemented with both cholesterol and thiouracil showed arterial lesions. All six dogs had gross lipid streaks in the aorta. The extent of aortic fatty streaking varied widely. In one dog, nearly the entire intima was involved with ulceration and thrombosis in the abdominal portion; in others, there were only scattered small fatty streaks limited to the abdominal aorta. The coronary arteries were grossly involved in four, and the thyroid arteries in five of the six dogs. No vascular lesions were found either grossly or histologically in the controls or in the dogs receiving cholesterol or thiouracil alone.
SERUM TOTAL LIPIDS AND CHOLESTEROL
The differences in mean serum total lipid and cholesterol values (tables 2 and 3) between groups prior to supplementing the diets with cholesterol or thiouracil or both were not statistically significant. After beginning the experimental diets, serum total lipid and cholesterol values increased in all groups except the controls. During the latter part of° Barber Coleman Model 10 Gas Chromatograph. f Applied Science Laboratories, Inc., 140 N. Barnard St., State College, Pennsylvania.
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the third month the dogs receiving cholesterol or thiouracil or both appeared listless and their dietary intake decreased. Although the animal quarters were temperature controlled, both temperature and humidity rose above normal values during this period. The decreased food intake during this period could account for the decrease in serum total lipid.s and cholesterol at the end of the third month.
The elevated serum total lipids in the animals fed supplemented diets at termination of the experiment (table 4) were due to increases in neutral lipids as well as phospholipids with a greater proportionate increase in the neutral lipid fractions. (table 5) showed increases in all five neutral lipid fractions separated. The increases were roughly proportional to the increase in neutral lipid for all fractions except the hydrocarbon fraction from dogs fed supplemented diets and the triglyceride fraction from the cholesterol supplemented dogs. The proportion of hydrocarbon fraction decreased with increasing serum neutral lipids. The proportion of triglyceride fraction in the cholesterol supplemented dogs was markedly decreased. The cholesterol ester and cholesterol plus free fatty acid values demonstrated that the proportion of esterified to free cholesterol was essentially constant for all levels of total serum cholesterol encountered in this experiment.
SERUM NEUTRAL LIPIDS
Fractionation of serum neutral lipids
SERUM CHOLESTEROL ESTER FATTY ACIDS
The fatty acid composition of the pooled serum cholesterol ester fractions for each group is shown in table 6. The bulk of the cholesterol was esterified to oleic acid (18:1) and linoleic acid (18:2). The total proportion of cholesterol esterified to these acids decreased with increasing serum cholesterol, and this was associated with increased proportions of the other acids present, notably palmitoleic, stearic, and linolenic. As the total serum cholesterol increased, the portion esterified to linoleic acid was only slightly decreased until very high levels of serum cholesterol were attained, and then the portion esterified to linoleic acid decreased sharply. The portion of cholesterol esterified to oleic acid remained essentially constant with increasing serum total cholesterol, but at very high levels of total serum cholesterol the proportion of oleic acid ester increased. Individual cholesterol ester linoleic to oleic acid ratios were determined to test whether the differences between the mean values of the various supplemented groups and the controls were statistically significant. Significant differences were found between the control and cholesterol supplemented groups and between the control and the cholesterol-thiouracil supplemented groups (table  6) .
The proportion of arachidonic acid (20:4) in the cholesterol ester fraction increased with increasing serum total cholesterol and then decreased sharply at the highest serum cholesterol level. The ratio of arachidonic acid to linoleic acid esterified to cholesterol increased in the cholesterol supplemented and the thiouracil supplemented groups and was the same as the control in the cholesterol-thiouracil supplemented dogs.
Fatty acids of the serum triglyceride fractions were principally palmitic, oleic, and lino-leic acids. Fatty acid composition of serum triglycerides was not significantly altered with increasing serum total cholesterol levels. This was also true of the fatty acid composition of the mono-and diglyceride fractions.
SERUM FREE FATTY ACIDS
Composition of the serum free fatty acids (table 7) varied widely in the diet supplemented groups. Major free fatty acids in the serum of controls were palmitic and oleic acids, amounting to approximately 79% of the total. In cholesterol supplemented animals there was a decrease in palmitic acid with an increase in palmitoleic, stearic, and linoleic acids. The thiouracil supplemented group showed a slight decrease in oleic acid with an increase in stearic acid. The combined cholesterol-thiouracil supplementation was associated with a marked decrease in the proportions of palmitic, stearic, oleic, and linoleic acids, which were replaced by a large proportion (67%) of a component, presumably a fatty acid, which has not been identified. This component was completely absent in the control and thiouracil supplemented groups, but a small amount was detected in the serum free fatty acid fractions from cholesterol sup- Difference of mean and that of control significant to P < .05. t Difference of mean and that of control significant to P < .02. 
SERUM PHOSPHOLIPIDS
Portions of the total phospholipid fraction from dogs in each experimental group were pooled on a weighted basis as described for the neutral lipid fractions. The fatty acid composition of the pooled serum phospholipid fractions is shown in table 8. A sharp decrease was found in the proportion of arachidonic acid in the serum phospholipids of dogs fed cholesterol-thiouracil; no change was found in the proportion of linoleic acid. (table 9) shows an increase in liver total lipid (based on dry weight) in all the diet supplemented groups; Difference between this mean and that of control significant to P < .05. t Difference between this mean and that of control significant to P < .02. Difference between mean and that of the control significant to P < .05. t Difference between mean and that of the control significant to P < .02. + These values are obviously significantly different from the controls, but the SE could not be calculated because the values were too low to be determined accurately. however, only the difference between the means for the control and cholesterol-thiouracil supplemented dogs is statistically significant. Part of this increase in liver total lipid was due to an increase in cholesterol; all the livers from supplemented dogs contained significantly more cholesterol than the control group.
LIVER LIPIDS
Analysis of the livers
Several group differences were found in total fatty acid composition of liver lipids. The proportion of linoleic acid in the total lipids of liver tissue from the thiouracil supplemented dogs was significantly greater than that in the controls, in the cholesterol, or in the cholesterol-thiouracil supplemented groups. The proportion of oleic acid increased in all supplemented groups over the controls, and this increase paralleled the increase in total liver cholesterol. Concomitant with the increase in oleic acid there was a decrease in stearic acid. The proportion of arachidonic acid decreased significantly in the cholesterol and cholesterolthiouracil supplemented groups.
AORTIC LIPIDS
Aortas of all supplemented dogs (table 10) contained from three to four times more total lipid than did aortas from control dogs. A small rise in serum cholesterol, such as in the cholesterol supplemented dogs, was accompanied by a threefold increase in aortic total lipids without gross or histologically apparent lesions. The aortic lipid content tended to increase with increasing serum lipids, but the differences in the means of the supplemented groups were not statistically significant.
The total cholesterol content of the aortas of the cholesterol supplemented and the thiouracil supplemented groups did not differ significantly from the controls. The total cholesterol content of the aortas from cholesterolthiouracil supplemented dogs was five to six times higher than the controls. The variability in aortic cholesterol content in the group with lesions was so large that the difference between the mean of this group and that of the control group was not statistically significant. However, there was a positive correlation between the cholesterol content of the aortas and the extent and severity of lesions present.
The total fatty acid content of the aortas showed a significant decrease in the proportion of the stearic acid fraction in all supplemented dogs and an increase in the proportion of oleic acid. The proportion of the linoleic acid fraction was not significantly different in the controls, cholesterol supplemented, or thiouracil supplemented dogs; there was a small but significant increase in the linoleic acid fraction in the group supplemented with both cholesterol and thiouracil. The proportion of arachidonic acid in aortas of all supplemented dogs was much decreased; indeed, the amount was so low in these animals that accurate measurement was impossible.
DEPOT FAT
Paravertebral depot fat from individual dogs was analyzed by silicic acid column chromatography and found to be chiefly triglyceride (in excess of 96%). Although the fatty acid composition was fairly constant (table 11), the proportion of the linoleic acid fraction increased slightly with increasing serum cholesterol. Though small, the increases in linoleic acid fraction in depot fat are statistically significant in the thiouracil and the cholesterol-thiouracil supplemented groups.
Discussion and Conclusions
The experiment reported here was designed to determine the effects of cholesterol alone, thiouracil alone, and cholesterol and thiouracil combined on the serum and tissue lipids of dogs, and to find which lipid changes are associated with the appearance of arterial lesions. The dog is relatively resistant to experimental atherosclerosis, since both cholesterol and thiouracil (or thyroid ablation) are necessary to produce atherosclerosis-like lesions. 20 ' 21 The basal diet used in this experiment was selected because it was considered a "normal" dog diet in that dogs may be maintained on it for years in apparent good health. The caloric intake also appeared to be adequate because average weight increased by 1.5 kg/ dog during the 120-day feeding period.
The magnitude of the hyperlipemia in the " Difference between this mean and that of control significant to P < .05. t Difference between this mean and that of control significant to P < .02. dogs receiving the supplemented diets was proportional to the magnitude of the hypercholesterolemia. Therefore, the individual contributions of hypercholesterolemia and hyperlipemia to the production of lesions in the cholesterol-thiouracil fed dogs cannot be dissociated. The mildness of the hypercholesterolemia produced in the dogs fed the diet supplemented with cholesterol is probably a result of the efficient cholesterol degrading mechanism of the dog, coupled with an inhibition of endogeneous cholesterol synthesis. The moderate hypercholesterolemia produced by thiouracil feeding is most probably due to thryoid inhibition, causing decreased endogeneous cholesterol synthesis and decreased cholesterol destruction with resulting cholesterol accumulation. 22 Feeding cholesterol simultaneously with thiouracil results in marked hypercholesterolemia owing to the impaired ability of the dogs to degrade cholesterol.
The proportions of the major fractions of the serum lipids were similar in all of the diet supplemented groups regardless of the diet supplement. The hyperlipemia was directly proportional to the hypercholesterolemia. This suggests that the hyperlipemia was a direct result of the hypercholesterolemia and only indirectly related to the mechanism responsible for the hypercholesterolemia.
The effect of cholesterol and thiouracil Circulation Research, Volume XIV, January 1964 feeding on the liver and aortic lipids differed from their effect on serum lipids. In dogs fed the supplemented diets, the liver total lipid and cholesterol content paralleled the serum lipids qualitatively but not quantitatively. Increased serum total lipid and cholesterol were associated with increased liver total lipid and cholesterol, but the magnitude of the change in the liver was much less than that in the serum. Conversely, the slightest hyperlipemia was associated with a large increase of aortic lipids. The magnitude of the increase in aortic total lipid was similar in all groups receiving supplemented diets despite the fact that the magnitude of serum lipid change was considerably greater in the dogs receiving both cholesterol and thiouracil. Aortic cholesterol content was not increased in dogs fed diets supplemented with cholesterol or thiouracil, but was increased in dogs whose diet was supplemented with cholesterol and thiouracil. Thus, not only were the lipid changes induced by the diet supplements different in serum and tissues, but the lipid changes in the liver and aorta also differed. There appears to be no dietary deficiency of linoleic acid in the dogs receiving supplemented diets. Linoleic acid is an essential fatty acid in the dog, 23 but its daily requirement has not been determined. The basal diet fed to the dogs in this investigation contained considerable linoleic acid (table 1) , approximately four times the minimum requirement for a rat. 10 Although the proportion of linoleic acid in the serum cholesterol ester fractions of the dogs receiving supplemented diets was decreased, the absolute serum levels of linoleic acid, by virtue of the hyperlipemia, were increased. It has been pointed out -4 that the dienoic acid level of plasma of dogs is a reliable index of dietary deficiency of linoleic acid. The proportion of linoleic acid in the depot fat, liver, and aorta of the diet supplemented dogs was equal to or greater than that of the controls. Monkeys with deficiency of essential fatty acid show an increase of eicosatrienoic acid in serum and red cells as the deficiency progresses. 25 The unidentified fatty acid found in the free fatty acids of serum from dogs with lesions is not eicosatrienoic acid as shown by its retention time in the gas chromatograph relative to that of arachidonic acid. Although this fatty acid is apparently associated with the modified fatty acid metabolism occurring in the dogs with lesions, it is not the eicosatrienoic acid associated with dietary linoleic acid deficiency. Thus, there is no evidence of a deficiency of linoleic acid in either the controls or the diet supplemented dogs when the usual criteria are applied.
The data suggest a deficiency of the essential fatty acid, arachidonic acid, in the dogs with lesions. Swell et al.- 8 have correlated the high arachidonic acid content of serum cholesterol esters of rats and dogs, relative to other species, with their resistance to atherosclerosis. This may well reflect a more efficient metabolic system for conversion of linoleic acid to arachidonic acid in the rat and dog than in other species. An appreciable amount of arachidonic acid was present in the diet fed in this experiment (table 1). The only decrease in the proportion of arachidonic acid in the lipid fractions of dogs receiving diets supplemented with either cholesterol alone or thiouracil alone occurred in the aortic total lipids of both groups and in the liver total lipids of the cholesterol supplemented group. This decrease in the aortas was highly significant statistically, but that in the liver was of borderline significance.
In contrast, the proportion of arachidonic acid was decreased in all of the serum lipid fractions, in the liver total lipids, and in the aortic total lipids of those dogs receiving the diet supplemented with cholesterol and thiouracil. The total amount of arachidonic acid in the serum cholesterol ester fraction of the dogs with lesions exceeded that in the serum cholesterol ester fraction of the control group; that of the serum phospholipid fraction of the dogs with lesions was equal to that of the control group. There was no detectable arachidonic acid in the serum free fatty acids in dogs with lesions, and there was a definite decrease in the total arachidonic acid content of the liver lipids of dogs with lesions when compared with the control group.
The decrease in the proportion of arachidonic acid in the aortic total lipids of dogs with lesions was similar to that found in the aortas of the cholesterol supplemented and thiouracil supplemented groups. The total content of arachidonic acid in the aortas of all supplemented dogs was approximately equal to that of the controls. The only difference, besides lesions, in the aortas of the cholesterol supplemented, thiouracil supplemented, and the cholesterol-thiouracil supplemented dogs, was an increase in cholesterol content in the aortas of the cholesterolthiouracil supplemented dogs. If any appreciable amount of arachidonic acid in those aortas with lesions was present as cholesterol arachidonate, then the proportion of arachidonic acid in the remaining lipids of these aortas was less than in the lipids of the aortas of the dogs receiving diets supplemented with cholesterol or thiouracil. There appear to be three possible explanations for the arachidonic acid deficiency: (a) a lack of enough "available" linoleic acid for conversion to arachidonic acid; (b) an inhibition or overwhelming of the metabolic systems which convert linoleic acid to arachidonic acid; or (c) an inhibition or overwhelming of the esterifying enzymes which incorporate arachidonic acid into the various lipid fractions,
The apparent abundance of linoleic acid in the various lipid fractions and the complete absence of arachidonic acid in the serum free fatty acid fraction of dogs with lesions suggest that proposal (b), an overwhelming of the enzyme systems which convert linoleic acid to arachidonic acid, is the most probable explanation of these findings.
It might be argued that such an arachidonic acid deficiency should produce signs besides arterial lesions. However, it has been pointed out that adult rabbits when deficient in essential fatty acids exhibited only hypercholesterolemia. 9 It would appear from these data that of the lipid fractions studied, the lipids of the aorta are the most sensitive to the diet-induced changes. The arachidonic acid deficiency could conceivably affect the arteries on a cellular level causing the lesions. No cause and effect relationship between decreased arachidonic acid and lesions has been demonstrated in this investigation, but the data suggest such a mechanism may be operative.
The serum and tissue lipids of the dogs receiving both cholesterol and thiouracil (all of which developed arterial lesions) had the following characteristics which differentiated them from the serum and tissue lipids of the other three groups (none of which had arterial lesions):-1) Total serum cholesterol and total lipid concentrations were greater.
2) In the cholesterol ester fraction, the linoleic acid/oleic acid ratio was decreased by one-half.
3) The serum free fatty acid fraction contained no arachidonic acid. 4) More than half of the serum free fatty acid fraction was composed of an unidentified component whose retention time in the gas chromatograph was greater than that of arachidonic acid. 5) Total liver lipids were only slightly increased, but the arachidonic acid content of liver lipids was greatly decreased. 6) Aortic lipids contained much more cholesterol.
Although the animals receiving cholesterol alone and thiouracil alone had no aortic lesions, the total aortic lipid content in these animals was greatly increased over that of Circulation Research, Volume XIV, January 1964 the controls. Although no cause and effect relationship between arachidonic acid deficiency and development of arterial lesions is proved, the findings suggest that arachidonic acid deficiency may be an important part of the mechanism by which cholesterol-thiouracil supplementation produces arterial lesions.
Summary
An experiment was conducted to compare the effects of feeding cholesterol alone, thiouracil alone, and cholesterol and thiouracil combined, on the serum lipids and arteries of dogs. These substances were added to a basal diet rich in linoleic acid. Serum cholesterol and total serum lipids were determined periodically during the four-month period of feeding, and serum and tissue lipids obtained at necropsy were fractionated and analyzed by silicic acid column and gas chromatography.
During the period of feeding the experimental diets, three levels of hypercholesterolemia and hyperlipemia were produced. The smallest increase over control levels occurred in the animals receiving cholesterol alone; an intermediate increase was produced in those receiving thiouracil alone; and the greatest increase occurred in the group receiving both cholesterol and thiouracil. The lipemia was proportional to the cholesterolemia in each of the experimental groups. Only those dogs receiving both cholesterol and thiouracil developed arterial lesions. 
